Two new intermolecular vibration-rotation-tunneling (VRT) bands of Ar-NH3 have been measured using tunable far infrared laser spectroscopy. We have unambiguously assigned these and a previously measured FIR band [ Gwo et al., Mol. Phys. 71,453 ( 1990) ] as II ( l,,n = 0) +B(O,,n = 0), 2( l,,n = 0) +-Z(O,,n = 0), and B(O,,n = 1) +-Z(O,,n = 0). The three upper states of these are found to be strongly mixed by anisotropy and Coriolis effects. A simultaneous least squares fit of all transitions has yielded vibrational frequencies, rotational and centrifugal distortion constants, and a Coriolis parameter as well as quadrupole hyperfine coupling constants for the upper states. An effective angular potential energy surface for Ar-NH, in its lowest stretching state has been determined from these data, after explicitly accounting for the effects of bend stretch interactions. Features of the surface include a global minimum at the near T-shaped configuration (0 = 90")) a 30 cm -' to 60 cm -' barrier to rotation at 0 = 180" (or 0")) and a very low barrier or possibly a secondary minimum at 8 = 0" (or 180"). Both attractive and repulsive interactions are shown to contribute significantly to the anisotropic forces in the complex. Comparison with ab initio calculations are presented.
I. INTRODUCTION
It is now well known that the large amplitude motions and dynamical couplings characteristic of weakly bound molecules often render the familiar concepts of equilibrium structures, normal modes, and rovibrational separability, essentially useless for quantitatively describing their spectra and properties. One can more effectively comprehend the properties and dynamics of weakly bound clusters as proceeding directly from the multidimensional intermolecular potential energy surface (PES) and associated wave functions without any intervening dynamical assumptions. Although such a description is indeed far more difficult to formulate and to implement, the proliferation of modern supercomputers and the development of new and very efficient computational methods actually makes this approach quite practical for systems of low dimensionality. For example, Hutson' employed a close-coupling method to fit extensive far-infrared vibration rotation tunneling (FIR-VRT) spectra of the Ar-HCl complex to a detailed two-dimensional potential surface with impressive success. More recently, two of us (R.C.C. and R.J.S.)* used the collocation method to accurately treat the dynamics in the three-dimensional Ar-H,O complex, and were able to extract a detailed 3D potential surface by directly fitting the FIR-VRT data measured for the complex. It is, of course, of considerable interest to explore extensions of this rigorous approach with respect to computational feasability. The Ar-NH, complex is intrinsically a four-dimensional system, if the inversion coordinate is explicitly included in the large-amplitude Hamiltonian, and the same approach employed for the Ar-H20 complex (fitting FIR-VRT spectra to a multidimensional PES using the collocation method for treating the dynamics) is currently being pursued by this group. In the present paper, however, we present the results of an analysis of FIR-VRT spectra of Ar-NH, with an intermediate level of sophistication, viz. with approximate separation of angularradial coupling. This method, recently applied to the Ar-H,O complex by Hutson, involves fitting the observed FIR bending vibrations to an effective angular PES, and has been called "the reversed adiabatic approximation." Since this approach is straightforward to generalize to complexes of higher dimensionality [e.g., (H,O) *, a six-dimensional system] , wherein the rigorous dynamical methods become prohibitive, it is worthwhile to further explore its attributes and limitations.
The chemical motivation for this study is the need to understand the "anomolous" weak bonding properties of ammonia, namely that there is no known example of NH, acting as a hydrogen bond donor in the gas phase, in spite of prevailing conventional wisdom. More explicitly, NH,-containing complexes that have been studied by high resolution spectroscopy in the gas phase include NH3-CF3H,4 NH,-CO,5 NH,-C02,6 NH,-HCCH,' NH,-HCN,* NH,-HF, NH,-H,O," NH,-N,, ' NH, O, [14] [15] [16] and in no instance do the measured angular expectation values or vibrationally averaged structures indicate that NH, acts as a donor, although it is always an excellent acceptor. Ar-NH, is a good choice for initiating a systematic investigation of the weak bonding properties of NH,, since Ar has no permanent electrical moments, its polarizability is known, and it can be treated as a point mass. It will thus serve as a structureless probe of the weak bonding properties of the ammonia monomer. Previous experimental work along these lines includes molecular beam scattering studies [He + NH, (Ref. 17) 1, as well as high resolution spectroscopic studies. [ Ar-NH, (Refs. 14-16) 1. There have also been several ab initio efforts directed towards rare gas-NH, complexes. '8-20 spectrum of the NH, monomer in its ground vibrational state" will facilitate a description of the spectrum of Ar-NH,, since the NH, monomer exhibits only slightly hindered rotations within the complex. Ammonia is an oblate symmetric top belonging to the permutation-inversion molecular symmetry group D,,,(M),'* which is isomorphic with the D,, point group. The three equivalent H nuclei (spin-l/2) result in two distinct spin manifolds, one of A symmetry (I,,, = 3/2), and one of E symmetry (I*,, = l/2), which are accompanied by the strict rule for electric dipole transitions AeE. The A states are the levels with k (mod 3) = 0, where k is the projection of the angular momentum on the symmetry axis, and the E states are those with k (mod 3) # 0. Thej = 0, k = 0 state is the lowest state ofA symmetry;j = 1, k = 1 is the lowest state of E symmetry. Both will have significant population in a 5-10 K supersonic expansion, since it is dipole forbidden for an Estate to collisionally relax to an A state. The inversion tunneling, which mandates use of the D,, (M) molecular symmetry group, splits all levels into symmetric and antisymmetric pairs separated by -24 GHz. In states with k = 0, only the symmetric levels are allowed for oddj, while only the antisymmetric levels are allowed for evenj. Figure 1 shows the NH, energy levels and the dipole allowed Ak = 0, Aj = 1 transitions.
2.5 GHz. Later, the A-type microwave transitions" were assigned, which yielded the ground state dipole moment and rotational, centrifugal distortion, and quadrupole coupling constants, as well as proof that this state has A symmetry. Also measured in that work were some very irregular progressions, which were attributed, but not explicitly assigned, to the Estates. The A or E symmetry of an Ar-NH, state is established by the symmetry of the free rotor state of NH, that it correlates to. The Estates of Ar-NH, are expected to give rise to very complex spectra because both inversional levels are allowed and are strongly mixed by Coriolis interaction.
The Ar-NH, complex was first studied by microwave-IR double resonance. I4 That work established the existence of the complex, determined its binding energy to be less than 990 cm -' , and estimated the rotational constant to be about More recently, the I;( l,,,n = 0) +I;(OO,n = 0) vibration-rotation band was measured in the FIR,16 and Howard and co-workers have measured the mid-IR diode laser spectrum near the vz umbrella vibration of the monomer, observing combination bands with the van der Waals modes.23 In the present work, we report the measurement of two additional A state bands and the unambiguous assignment of all three. The FIR spectra in combination with the microwave data of Nelson et ~1." are then analyzed to determine the effective angular PES sampled by Ar-NH, in its lowest stretching state. Currently, the Estates are being investigated by Zwart and co-workers,'4 and their results will provide significant information about the inversion tunneling within the complex. The Berkeley tunable far infrared laser spectrometer is described in detail in a forthcoming review,*' and only a brief overview will be given here. Fixed frequency FIR radiation is generated by cw optical pumping of a 2.4 m far infrared molecular gas laser with a commercial (Apollo Lasers) 150 W line-tunable CO, laser. Far infrared radiation in the range 13 to 150 cm-' has been generated with this system. The fixed frequency FIR radiation is mixed with tunable microwave radiation in a Schottky barrier diode (University of Virginia 117) to generate sum and difference frequencies at YFIR rt nyMW 9 wheren= 123 , , ,*.*. Microwave power from 2 to 110 GHz is available, providing tunability of more than 7 cm -' about each fixed-frequency FIR laser line. The tunable sideband power ( 10 to 100 PW) is separated from the much stronger ( 10 to 50 mW) carrier frequency (vFIR ) with a polarizing Michelson interferometer, and the tunable sideband radiation is detected by an InSb detector.
The FIR laser frequencies used in this study were 527.9260 GHz (DCOOD), 584.3882 GHz (HCOOH), 980.5916 GHz (CH,OD), 1016.8972 GHz (CH,OD), and 1042.1504 GHz (CH,F,). The gas composition was established by employing a flow controller for each of the Ar and NH, gases. Typically, a 1% to 3% mixture of NH, in Ar was expanded through a 25 ,um wide by 6 cm long slit orifice into a chamber pumped by a Roots blower ( 1200 cfm) . Pressures of 500 to 800 torr of the mixture were maintained behind the nozzle, leading to a chamber pressure of 100 to 200 mtorr. The strongest signals observed exhibit signal to noise ratios of 800: 1, and correspond to a fractional absorption of approximately 0.7%. Eigenstates of the Ar-NH, complex are classified according to the molecular symmetry group D,, (M).22 The vibrational energy levels for the A, states of the complex and their correlation to the k = 0 energy levels of the NH, monomer (A states) are shown in Fig. 2 . The notation used employs a capital Greek letter specifying the vibrational angular momentum of the compIex [alternatively, it is the projection of the total angular momentum (J) of the complex on the van der Waals bond axis], followed by the usual j and k quantum numbers of the monomer that the particular level correlates with, and finally, the number of quanta (n) excited in the van der Waals stretch. For example II ( l,,n = 0) describes the state that correlates to the 1, level of free NH,; it has one unit of angular momentum projected on the van der WaaIs bond axis, and no quanta of the van der Waals stretch excited.
The measured VRT transition frequencies for the three FIR bands observed are given in Table I . A stick spectrum of these three bands, with intensities calculated for 5 K is shown in Fig, 3 . Initially, individual nonlinear least squares fits were performed separately for each band; it was found that in all three cases, the lower state had the same rotation (within one sigma) and distortion (within three sigma) constants as the ground state characterized in the microwave study of Nelson et al. I5 These three bands were assigned as the two lowest bending vibrations and the lowest stretching vibration that occur among the A states, as indicated in Fig.  2 . Since the relative energies of the lI( 1,~ = 0), Z ( l,,n = 0), and Z ( Oo,n = 1) levels are not known a priori, details of the assignment follow. As only one band has a Q branch, its upper state must be the II( I,,n = 0). Distinguishing between the two B c Z bands is possible because they have very different vibrational frequencies. The van der Waals stretching frequency is estimated to be 34.6 cm-' from the pseudodiatomic ground state rotational and distortion constants using
Moreover, &y reasonable PES that calculates the II bend to be near 16.5 cm -' will place the B bend much closer to 26 Table I . The vibrational band intensity is estimated by calculating the transition dipole using Eq. (22), and the rotational intensity is calculated for a 5 K temperature.
cm -' than 34 cm -*. We accordingly assign the 34 cm -' band as the van der Waals stretch and the 26.5 cm -' band as the B bend. We have ruled out assignments to any of the E states, since A -. E transitions are spin-forbidden and we know that the lower state of all three bands is the ground state, which has A symmetry. This assignment is consistent with the combination band assignments of Howard and coworkers for the v2 = 1 state of the monomer.23 After establishing the assignment, we searched for, but did not find, the X (0, ,n = 1) + II ( l,,n = 0) hot band transitions. State designations with bars describe measured states that are coupled through the angular-radial interaction, and those without bars describe basis states. These designations will be used when it is necessary to distinguish between a measured (mixed) state and a basis state. The Il( 1,~ = 0) state is 16.6 cm -' above the ground state and will have only -1% as much population at 5 K. This transition dipole is also estimated to be much smaller than those for the bands measured. As discussed in Sec. IV, the measured Z(O,,n = 1) state has approximately 30% Z ( I,,n = 0) character and 70% Z ( Oo,n = 1) character. The Z( O,n = 1) .-II ( 1,~ = 0) transition dipole will thus be 30% of that for 2( 10,n = 0) t lI( 1,~ = 0), which itself is estimated to be 6 times smaller than that for lI( 1,~ = 0) +Z(O,,n = 0). The Z(O,,n = 1) -II( 1,~ = 0) contribution to the transition dipole is calculated by differentiating Eq. ( 10) with respect to R and evaluating at R = 3.8290 A. This contribttion will be exceedingly small as d,u/dR is only -0.015 D/A. The 800: 1 signal to noise ratio measured in the Il bend can be scaled to account for the lower population in the excited state and the reduced transition moment. This yields an estimated signal strength 60 times weaker than the noise level, thus making the hot band transitions far too weak to detect.
Hyperfine analysis
The quadrupole hyperfine constants of the complex were determined by fitting the hyperfine components of individual rovibrational transitions to the following parity adapted energy level expressions:26 R = 0 (Z states),
). In the ll * state, the plus sign is used for the higher energy component of the parity doublet, and minus for the lower component. The ground state eqQ,, was held fixed at the value 0.350 MHz, as obtained by Nelson et al." since the microwave data has much higher resolution and precision than the FIR data. For analysis of hyperfine structure in the ll( l,,n = 0) state it is necessary to simultaneously fit two transitions, since these patterns are determined by two unknown parameters. We chose to simultaneously fit R (n) and Q( n + I) pairs.
For most of the transitions, the quadrupole multiplet was not fully resolved; therefore a least squares fit of the multiplet line shape was carried out. The determinable parameters are the line center, the FWHM, the quadrupole coupling constants, the modulation index, and base line and vertical scaling parameters. Lorentzian line shapes were employed for the unmodulated lines, rather than Gaussians, because the optimal FWHM was 670 kHz at 1030 GHz and 600 kHz at 530 GHz. If the spectral lines were Doppler broadened (Gaussian), the FWHM would scale linearly with absorption frequency. Also, it was found that the standard deviation of the fit was over two times better when using Lorentzian rather than Gaussian line shapes. Of course, Voigt line shapes would ultimately give the best fit, but at the expense of introducing an additional parameter in the fit and thus increasing the problems with parameter correlations. Figure 4 compares the calculated and experimental line shapes for the simultaneous fit of the Q( 2) and R ( I) lines of the ll bending transition.
The quadrupole coupling constants obtained for each state are given in Table II . In the Z states only eqQ,, is measurable, and this is the quantity reported in Table II . In the lI state, both eqQ,, and the difference (eqQ,, -eqQ,, ) are determinable. Since LaPlace's equation always holds, we have the additional constraint that eqQaa + eqQ,, + eqQ,, = 0; hence, for the Il state we report values for all three quadrupole coupling constants. The given uncertainties reflect the spread of values obtained when the average is computed from measurements of several Jstates. The uncertainty in the quadrupole coupling constant calculated for any given J is actually about 10 times smaller than these quoted values, but we choose not to assert that the quadrupole coupling constant is different for each J for two reasons. First, there is some uncertainty in the model used to fit the line shapes; specifically, the FWHM is not precisely known, and the modulation depth is only known to about 5%. Secondly, the ground state eqQ,, was fixed at the value reported by Nelson et aLI5 and was assumed to be independent of J.
We estimate the experimental uncertainties in the quadrupole coupling constants to be larger than the effects of induction on the hyperfine structure. Thus, the following relations among the quadrupole coupling constants of the complex and that of the monomer are assumed to be valid:27 eqQoo = eqQ,,, (P2 (~0s 0) ), eqQbb -eqQ,= = eqQNH, [ 1 -(P2 
The quadrupole coupling constant of the NH, monomer in the I'l( l,,n = 0) state of Ar-NH, is determined to be -4.17( 9) MHz, using Eq. (6) and the measured values for the quadrupole coupling constants of the complex in this 492.1945 492.1985 Frequency ( state from Table II . Free NH, has a quadrupole coupling constant of -4.089 83( 2) MHz.~* The fact that both free and complexed NH, have essentially the same quadrupole coupling constant indicates that the electric field gradient at the N nucleus is unchanged upon complexation, which implies, in turn, that the structure of the NH, subunit in the Il( l,,n = 0) state of Ar-NH, is unchanged upon complexation. However, one can not unequivocally conclude that the inversion motion is unaffected upon complexation, because the electric field gradient at the N nucleus is the same for either of the symmetric pyramidal structures. Thus, the rate at which it interchanges, if it does so at all, will not affect the effective quadrupole coupling constant. What is implied by the above results, is that if the inversion is slowed or quenched, the complexed NH, in the II ( lo,n = 0) state retains the same bond lengths and bond angles as free NH, in either minimum of the double-well potential. 
IV. DEPERTURBATION: CORIOLIS MIXING AND ANGULAR-RADIAL COUPLING
In proceeding from the vibrational assignment given in Sec. III A to the determination of the angular potential surface for the complex, it was realized that a strong mixing existed among the three excited intermolecular vibrational states observed here, and that the observables must be corrected for these perturbations before a potential surface could be determined from them. There is a Coriolis interaction between the Z( 1,~ = 0) state and the II -( 1,~ = 0) levels, and a strong angular-radial coupling between the 2( 1,~ = 0) and C(O,,n = 1) states, as previously alluded to. The Coriohs interaction between Il -( 1,~ = 0) and Z( 1,~ = 0) is thus distributed over both the 8( 1,n = 0) and B (0, ,n = 1) states. The angular-radial mixing coefficients, C,, and C,,, are determined from the measured quadrupole coupling constants of the Z(O,,n = 0), Z ( 1, ,n = 0) , and Z (0, ,n = 1) states, as discussed below, and are fixed at 0.8298 and 0.5580, respectively. The values of ( C,, ) 2 and ( C,, )2 may be interpreted as the fraction of 2( 1,~ = 0) character contained in the states, i.e., the amount of the Z bend basis state in the measured Z bend and Z stretch states, respectively. The Coriolis interaction energy of these states was obtained by diagonalizing the following matrix for each J:
Here EJ is the energy of the J th rotational level before interaction, as is obtained from Eqs. (8 ) and (9)) and p is the Il bend-Z bend Coriolis interaction parameter. We then performed a simultaneous weighted nonlinear least squares fit of all the available microwave and FIR data, with weightings appropriate to the precision of each measurement. The energy level expressions used were 
for the Il state. The results of the simultaneous fit are given in Table II . The residuals reported in Table I are for this simultaneous fit, not for the individual fits that were initially performed. Before fitting the available experimental observables (vibrational frequencies, rotational constants, quadrupole coupling constants) to an angular PES, it is necessary to I correct them for the effects of the induced dipole moment and that of angular-radial coupling in the potential. In the multipole expansion,29 the dipole moment of the complex is 
where the first term is the projection of the NH, monomer dipole moment on the van der Waals bond axis, and the second term is the multipole-induced dipole, with terms up to quadrupole-interaction retained. We have neglected the dipole induced in the NH, from the induced Ar dipole because it contributes only ca. 0.2% to the measured dipole. The dipole moment of the complex has been measured only in the ground state.15 The constants used in Eq. ( 10) ,&Ii, ] (P, (cos 8)) ] = 0.2606 D was fit rather than pu, itself in the PES determination. The angular-radial coupling between the 2( 10,n = 0) and C(O,,n = 1) basis states mixes them in the uncoupled basis. If we let the uncoupled basis states be ]B ) and IS), for bend and stretch, the frequencies of the coupled vibrations will be the eigenvalues of the following matrix, and its eigenvectors will be the basis functions for the coupled states:
Here A and Bare the uncoupled frequencies, and Cis respon- 
Qe is the deperturbed quadrupole coupling constant in the C( l,,,n = 0) state, 0.350 MHz is the deperturbed quadrupole coupling constant in the Z(O,,n = 1) state, and (C,, )2 = (C,,)' and CC,, )2 = CC,,)' because this analysis is based on a two state model described by a symmetric matrix. Solving Eqs. (12) ( 11) is now diagonalized with the constraints that the eigenvalues are the observed intermolecular vibrational frequencies (26.47 and 34.32 cm-') and the squared components of the eigenvectors are 0.689 and 0.3 11. The resulting deperturbed Z bend and Z stretch frequenciesare 28.89( 16) cm-' and 31.85( 17) cm-', and the off-diagonal mixing element is 3.63 (7) cm-'.
Another consequence of angular-radial coupling is that the van der Waals bond is considerably longer in the C( l,,n = 0) state than it would have been without the coupling. Since the separation of the J = 0 and J = 1 levels (essentially twice the rotational constant) will be directly affected by this, it is necessary to calculate the deperturbed values of these spacings before performing the fit of the PES.
The measured 0 to 1 spacings are 5645.2 MHz and 5356.3
MHz for the Z ( l,,n = 0) and C (0, ,n = 1) levels, respectively. The angular-radial mixing coefficients, (C,, ) *, CC,, )2, CC',, )2, and (C,,)* are all known, leaving two equations with two unknowns: SB(CB,)2+S,(CB,)2=5645.2MHz, S,(Cs,)2+Ss(Css)2= 5356.3 MHz.
S, and S,, the deperturbed J = 1+-O spacings in the Z bend and C stretch are found to be 5883.6 MHz and 5117.9 MHz, respectively. The third and final consequence of angular-radial coupling considered here is its effect on the inversion splitting, which we assume to be unaffected by complexation in the A states. Just as the J= 1 +O rotational level spacing is changed, so is the inversion spacing. The inversion splitting shifts the 2( 10,n = 0) state down by 0.397 cm-' (-12 GHz) and the C(O,,n = 1) state up by 0.397 cm -' (see Fig.  2 ).Theshiftofthe Z(l,,n=O) stateisgivenby( -0.397 cm-')(0.689) + (0.397 cm-')(0.311) = -0.150 cm-'. To account for this, 0.247 cm -' was added to the uncoupled X bending frequency, 28.89 ( 16) cm -', to yield a final deperturbed bending frequency of 29.14( 16) cm-'.
V. POTENTIAL SURFACE DETERMINATION
Having assigned and analyzed the three A state bands of the complex, the effective Ar-NH, angular potential energy surface can then be determined by fitting the deperturbed bending vibrational frequencies, quadrupole coupling constants, ground state dipole moment, and the rotational constants. The ultimate goal of this work is to determine the full four-dimensional intermolecular potential surface V( R, 8, x, p), where R, 0, and x are the Jacobi coordinates of the complex as indicated in Fig. 5 , and p is the NH, inversion coordinate. We can restrict the treatment to V(8,x) if we account for angular-radial coupling by using deperturbed observables and assume that the NH, subunit inversion is unchanged upon complexation. The assumption of unperturbed inversion will be justified by the fact that the center of mass separation in the free rotor limit (3.8290 A) is quite large. Therefore, at least in states wherein the symmetry axis of NH, is localized to be roughly perpendicular to the van try axis) and R, and x is the rotation of the NH, about its symmetry axis.
der Waals bond, the Ar should not significantly affect the NH, inversion potential. Evidence for nearly free inversion in some of the E states has been presented by Fraser et a1.,14 and we also find what can be interpreted to be free inversion in the II( l,,n = 0) state. The nature of the inversion motion can be treated more rigorously in spectra arising from the E states, since both symmetric and antisymmetric inversion levels are allowed when k > 0.
A parameterization of the angular PES analogous to that developed for Ar-H,O by Hutson has been carried out for Ar-NH,. This method is based on the hindered rotation of the polyatomic subunit in the complex. A brief description of the method is presented, but the interested reader is directed to Ref. 3 for a more complete discussion. The potential energy of the complex is expressed as an expansion in spherical harmonics, and the resulting energy levels, dipole moments, quadrupole coupling constants, and the change in rotational constant due to orientation effects are calculated. This model is incorporated in a nonlinear least squares fitting routine to determine the coefficients of the angular PES.
The effective angular Hamiltonian is where the round brackets ( ) indicate integration over all coordinates except R. The nonzero matrix elements for gm,, are (ikflJ pi;,,, b 'k 'i-l',') = {$(A + B)V( j+ 1) -k*] + Ck2}S,~Bkk.SnnfS,J.,
whereA=B=9.94411cm-',andC=6.22852cm-'are the rotational constants of NH,.3' The potential energy is expanded in renormalized spherical harmonics CAP (0,x) : g= fi2 -G' +y -2.7.;) + ii,,, + V(@/y), 2,uR ' (14) where the first term describes the end-over-end rotation of the complex, withy being the collisional reduced mass of the complex and R the center of mass separation of the Ar and NH,, j is the total angular momentum of the system,3 is the internal angular momentum of the monomer, g,,,,, is the Hamiltonian of the molecular monomer, and V( 0,~) is the intermolecular bending potential, which is taken to be average over the zero-point vibrations of the monomer. Ignoring the inversion motion, the molecular monomer Hamiltonian is simply kIl0" =B>;+B,,&Bj.;,
wherej;,j,,, andjZ are the angular momentum operators in the Cartesian frame of the monomer. The total wavefunction is expanded in terms of body-fixed angular functions @,f&i k3 = D %, (a,P, O>D'nk (&3,x,, (16) where Dzn (a&O) is a rotation matrix with IWf 1)/4Tl "* normalization describing the orientation of the R vector in space, and D irk (&9,x) is a rotation matrix with [ (2j+ 1)/8n2]"* normalization describing thcorientation of the monomer in the body-fixed axis system. R is the unit vector pointing from the center of mass of the NH, to the Ar atom, and ?is the unit vector along the symmetry axis of NH,, pointing from N to the plane of the hydrogens. The quantum numbers that describe all the angular degrees of freedom are then j, k, J, R, M, where j quantizes the angular momentum of the NH, subunit, k is its projection on the NH, symmetry axis, J quantizes the total angular momentum of the complex, 0 is the projection of J on the van der Waals bond axis, and Mis the spaced fixed projection of J. In these coordinates, the interaction potential is independent of J and diagonal in a, although it still couples states with different j. UR,%y) = EVA,, (R)C,, (0,x).
AP (19)
Here, V,+ = 0 ifp (mod 3 ) # 0 due to the threefold symmetry of NH,. Furthermore, V, _ lr = ( -1 )p V+ because the xz plane of NH, is a plane of symmetry mw,yX) = 1 bp(R) [CA, v,x) O</&<A + (-wc,-,(e,~~y)l(l +s,,)-1.
We have considered the first four terms in this expansion, viz. Via, Vzo, VsO, V,,. The leading term ( V,,) can be set to zero, since it is isotropic and has no effect on the spacings of the bending eigenstates. The matrix elements of the potential are
The Gaunt coupling coefficients g,+ ( jkj 'k 'iI) "0 g. ( (22) In this study, energy level patterns were calculated for
The nonzero matrix elements of (ii2/2pR ') (j2 +j 2 -2?$) are given by J = 0, 1, and 2. For each value of J, the ranges of a, j, and k that make up the basis states are given by -J<fI<J, ]fl]G(7, and -j<ksj (k is restricted to 0, f 3, + 6 ,... since only the A states are relevant here). This provided nonmonotonic convergence to approximately 0.01 cm -' for the vibrational frequencies, and better than 0.1 MHz convergence for the rotational term values. The intermolecular vibrational energy levels are the eigenvalues of this diagonalization for a given J. The expectation values of P, (cos 0)) required for interpretation of the dipole moments of weakly bound complexes, are obtained by calculating the expectation value of the expression i ( _ ,)~W# [cq, + l)cqf+ wy* cl= -I j,
over the eigenvector for the state of interest. Similarly, ( P2 (cos 8) ) are used to determine the axial quadrupole coupling constants of the complex, and are obtained by changing the 1 to 2 in the 3-j symbols in the equation above and including only R = 0. The nonaxial quadrupole coupling constants, observable in states with vibrational angular momentum, are obtained through Eq. (6) along with the axial term. Table III contains the quantities fit, the relative weights used, and the results of the fit. The relative weights used represent the combined effects of the absolute magnitude of the quantity, the experimental uncertainty, and an estimate of the uncertainty in the model. The sign of V'o can not be determined because the sign ofp, has not been determined experimentally.'5 We arbitrarily constrain V', to be positive. This choice of sign causes the dipole moment of the complex to be negative, and consequently (19 ) to be > 90". The Ar-NH, complex is undergoing such large amplitude motions that (19 ) should nor be interpreted as the "average" angle between the NH, symmetry axis and the van der Waals bond. The sign of VZo determines the relative ordering of the I;( l,,n = 0) and II( l,,n = 0) levels, and therefore can be deduced from the experimental data. V,, could not be fit independently because it was too highly correlated with V,c and V,, for the fit to converge. Instead, a series of fits was carried out for a range of V,, as Hutson did in the Ar-H,O study." Figure 6 is a plot of V', and V,, and the dimensionless root-mean-squared deviation33 of the fits versus V,, for -25 cm -'< V3,<25 cm-'. Over this range the RMSD of the fit only varies by a factor of 2, with its minimum occurringat v3,,=3cm-'. Figure 7 is a plot of the potential surface expansion coefficients, energy levels, and squared wave functions vs 8 for 0"@<180", obtained from the best fit [I ',, = 10.48(27) cm-', Vzo= 20.79(21) cm-', and I',, = 3 cm-'], and from fits with I',, = + 15 cm-' ( V,, and V,, are the corresponding values plotted in Fig. 6 ). For reference, the same quantities are plotted for the completely isotropic potential. If V,, had been chosen to be negative, the horizontal axis would run from 180" to 0" (rather than 0" to 1 go", as plotted).
The information needed to determine V,, and Vs3 will be obtained when transitions involving levels with k = 1 (E states) are measured and analyzed. The energy levels of the II(2,,n=O)andZ(l',n=O)stateswillbeverysensitiveto V30, as is evident from the 3-j symbols in Eq. (2 1) . The wave functions, and therefore dipole moments, quadrupole coupling constants, and intensities will also be sensitive to V,,. There are two strong II( 2',n = 0) -Z( 1 ',n = 0) transitions, among others, and we predict that their transition energies will shift in opposite directions by about 10 cm-' over the range of V,, where the RMSD shown in Fig. 6 is essentially constant ( -15 cm-' < Vso< 15 cm-' ) . A nonzero I',, will manifest itself by allowing transitions with Ak = 1 which are otherwise forbidden. For example, if V,, is -20 cm-' the transition dipole for Z,II(2,,n = 0) +&II ( 1 ,,n = 0) transitions will be only 2 to 3 times smaller than those for the more strongly allowed (and observable) Ak = 0 transitions.
VI. DISCUSSION
The measurement and assignment of the three A state VRT transitions accessible in a cold supersonic expansion has been carried out. The mixing of these states by Coriolis and angular-radial coupling has been treated explicitly. The molecular constants obtained from a simultaneous least squares analysis have enabled the effective angular potential energy surface to be determined. Two assumptions were made.
( 1) All angular-radial coupling is accounted for in the deperturbation of the Z bend and ): stretch; (2) the NH, inversion potential is unaffected by complexation.
The fact that all the data (vibrational frequency, rotational constant, hyperfine parameter) from the Z ( l,,n = 0) state could be included in the fit after decoupling the bend and stretch, whereas only the vibrational frequency could be fit prior to the decoupling, is strong evidence that the first assumption is justified, at least in the context of the present data set. The validity of the second assumption is harder to evaluate. Although one can infer from the hyperfme analysis that even if the inversion is slowed or quenched in the lI ( 1,~ = 0) state, the structure of the NH, subunit remains unchanged, similar assertions regarding the C( 1,~ = 0) state cannot be made, since R = 0 in that case, and only eqQ,, is experimentally observable. Here, Eq. (6) cannot be employed to estimate how much the NH, field gradient changes in this state. In fact, it can be seen from the wave functions in Fig. 7 that there will be a much greater likeli- --200 30 I 60 4 90 I 120 I 150 I 180 e (de@ e (de@ hood that complexation will affect the NH, inversion potential in the 2( 10,n = 0) state than in the Il( l,,n = 0) state, due to the location of the Ar along the NH, inversion coordinate. In any case, even if the NH, subunit is not freely inverting, an energy level could shift by no more than -12 GHz (0.4 cm -' ) as a result of total quenching, and this small change would not significantly change the angular PES. Let us now consider the surfaces, wavefunctions, and energy levels plotted in Figs. 7 (a) , 7 (b), and 7(c) . We will discuss the expansion coefficients in terms of the constraints imposed by the measured surface, namely, that V,, is unknown and is allowed to vary considerably, that Vi, is roughly half the size of I& and that Vu, and V,, are welldetermined for any given value of I',,. The fact that I',, is large relative to V,, and positive implies that there is a global minimum near 0 = 90", which causes the Il ( 1,~ = 0) state, localized in the region with 0 near go", to be lower in energy than the Z( l,,,n = 0) state, which itself is localized with 19 near 0" and 180".
The sign and magnitude of V,, relative to V,, are dominant effects in determining the shape of the angular potential surface. When both have the same sign, V,, reinforces V,, and eventually induces a large barrier at 0 = 0" or 180" and a secondary minimum 180" from the barrier. Conversely, when they are of opposite sign, V,, tends to cancel VI,,, leaving V,, to dominate the surface with a minimum near 8=90".
The location of the global minimum in the surface, always localized near the T-shaped configuration (0 = go"), ranges from 6 = 84" to 1 lo" as V,, varies from 15 cm-' to -15 cm- ' [Figs. 7(b) and 7(c)] . Over this range the RMSD is essentially constant (Fig. 6) , and any set of VLO, VZO, and I',, that minimize the RMSD chosen in this range describes the surface equally well. Since Vi, was arbitrarily constrained to be positive, we must also consider the corresponding range of supplementary angles (19 = 70" to 96") wherein the minimum would be found if V,, were constrained to be negative. Averaged over the zero-point vibrations, the NH, monomer has 1.012 A N-H bond lengths and 106.7" H-N-H bond angles;*' the N-H bond thus makes a 67.9" angle with the NH, symmetry axis. We note that a positive V,, favors weak bonding in the region between the N-H bond and the lone pair on the nitrogen, while a negative V,, favors bonding in the region closer to the hydrogens. Without any information on Vs3, it is not possible to characterize the anisotropy in the surface as a function of rotation of the NH, about its symmetry axis. The experimental potential surface contains contributions from the effects ofinduction, dispersion, and repulsion. The most direct way to determine the contribution from these effects is to evaluate each of them in terms of the appropriate angular coordinates. The general form of the contribution from the induction or dispersion energy, through R -lo, is given by -(10/11)(7/3)"'an,,R,, 6 6 5 (7/33) I" an:,
The notation of Eq. (24) warrants some explanation: Cip refers to an induction or dispersion coefficient, whereas C,, (0,~) refers to the&&h renormalized spherical harmonic. Analytic expressions for the induction coefficients including all terms up to octopole-induced dipole, are evaluated in the Appendix, and tabulated in Table IV . The values of the molecular constants used in Table IV 
The dispersion coefficients, in atomic units, are given in Tables VI. The attractive contribution to the surface, denoted vattr, is simply the sum of Vind and Vdisp. Table VII The expression for the spherical harmonic expansion coefficients for the induction energy of a nonlinear molecule-spherical molecule system is given in Eq. , and predicted energy levels and other properties of the complex. Van Blade1 et aLi did not actually describe their surface, but the calculated energy levels and other properties of the complex were given. We compare the results of these two calculations with our experimental results in Table VIII . Chdasinski et aZ." state that their SCF + D surface is too flat (i.e., not anisotropic enough), but it actually fits the data as well as AE( 2). The primary reason for this is that the AE( 2) surface is too anisotropic; over the range of t9 andx, it varies by about 105 cm-', whereas the SCF + D surface varies by about 63 cm-', while the experimentally determined surface varies by 40 cm -' to 66 cm -' (depending on the value of I',,). Clearly, neither of the ab initio surfaces can adequately represent all of the measured properties of the Ar-NH, complex. The present work, and the efforts currently in progress to measure and assign the VRT spectra of the Estates of this complex, should be of significant value for future efforts to improve the agreement between theory and experiment. (Al) where {:::I is a 6-j symbol, C(...;...) is a Clebsch-Gordon coefficient, Q,,,, is the body-fixed spherical multipole moment of the nonlinear molecule, and a2 is the body-fixed irreducible polarizability of the spherical molecule. The Clebsch-Gordon coefficients place some restrictions on which terms are allowed to be nonzero. Notably, C(Z: +lZ';+lZ,;OOO) willbezeroif (I; +Z;+Z,> is odd,C(Z;Z;'Z,;n;n;n,) willbezeroifZ;,Z;',andl, donot satisfy the triangle relation or if n ; + n ; # n 1 . Furthermore, it is seen that the r -n dependence will have n even when I, is even, and n odd when I, is odd.
The renormalized spherical harmonic expansion coefficients (Table IV) 
where Z ; , Z ;', and 1 satisfy the triangle relation and I; + I ; + 4 = n. For Ar-NH, all allowed combinations of Q,,, QzO, Q3", and Q3 + 3 (dipole, quadrupole, and octopole) were included.
